A new molecular simulation method for the calculation of vapour-liquid equilibria of mixtures is presented. In this method, the independent thermodynamic variables are temperature and liquid composition. In the first step, one isobaric isothermal simulation for the liquid phase is performed, in which the chemical potentials of all components and their derivatives with respect to the pressure, i.e., the partial molar volumes, are calculated. From these results, first order Taylor series expansions for the chemical potentials as functions of the pressure µ i (p) at constant liquid composition are determined. That information is needed, as the specified pressure in the liquid will generally not be equal to the equilibrium pressure, which has to be found in the course of a vapour simulation.
Introduction
Due to the rapid increase of available computing power, molecular simulation is developing to become a standard tool in chemical engineering and related areas. It can provide a better understanding of industrial processes and the underlying physics on the molecular level. Furthermore, molecular simulation has the capability to predict phase equilibria more reliably than classical thermodynamic models. The calculation of vapour-liquid equilibria by molecular simulation is a longstanding and important task. In the last 15 years a variety of methods for this purpose have been presented.
There are, among others, thermodynamic scaling [1, 2] , histogram reweighting [3, 4] , GibbsDuhem integration [5, 6] , NpT plus test particle method [10, 11] , various extensions of it to other ensembles [7, 8, 9] , and, most widely used, the Gibbs Ensemble Monte Carlo method (GEMC) [12, 13] . A discussion of the different approaches can be found in the reviews [14, 15] .
The GEMC specifies the thermodynamic variables temperature, global composition, and either global volume or pressure. Both phases are simulated simultaneously in separate volumes, between which real particles are exchanged in order to ensure phase equilibrium. On the one hand, this set of specified thermodynamic variables is in many cases not convenient, i.e., when bubble points or dew points are needed, where temperature or pressure and the composition of one phase is specified. On the other hand, the simultaneous simulation of both phases has the disadvantage that fluctuations occuring in one phase influence the other phase directly. This can result in unfavourable dynamic behaviour of the simulation, e.g., close to the critical point fluctuations can lead to phase reversal in the two volumes. Furthermore, real particle exchange between the two phases is a major cause of statistical uncertainties. If the liquid is dense and/or consists of strongly inter-acting particles, the insertion and deletion of real particles is awkward and perturbs the liquid causing high statistical uncertainties.
In this work, the Grand Equilibrium method for the calculation of vapour-liquid equilibria of multi-component mixtures is presented. This method circumvents the above mentioned problems. The specified thermodynamic variables are temperature and liquid composition, two independent simulations for both phases are performed and no exchange of real particles in the liquid phase needs to be done.
The Grand Equilibrium method has some common features with the NpT plus test particle method for mixtures [11, 16] . In fact, the treatment of the liquid phase is identical. The difference lies in the procedure for the vapour phase, where only one simulation has to be performed and no prior knowledge of the vapour-liquid equilibrium is neccessary.
Furthermore, the present method is related to the method of Ungerer et al. [17, 18] , but avoids introducing direct coupling between the phases. Similar to the work of Esobedo [19, 20] , it employs pseudo ensemble simulations.
The Grand Equilibrium method is tested in the present work on the pure Lennard-Jones fluid, a binary, and a ternary Lennard-Jones mixture and the results are compared to literature data obtained by other methods.
Method
The basic idea of the Grand Equilibrium method is to evaluate the chemical potentials in the liquid as functions of the pressure at a given temperature and liquid composition and to use these functions to set the chemical potentials in a pseudo grand canonical ensemble simulation for the vapour phase. The phase equilibrium conditions are directly introduced in the vapour simulation, which yields vapour pressure, vapour composition and other properties on the dew line.
Let us consider a mixture consisting of an arbitrary number of components i = A, B, C, ... and a given set of intermolecular potentials between all species. Having set the independent thermodynamic variables temperature T and liquid composition x = x A , x B , x C , ..., one simulation in the isobaric isothermal (NpT) ensemble is carried out at an arbitrarily chosen pressure p l , preferrably not too far from the vapour pressure p σ . This simulation yields the density ρ l = ρ(T, x, p l ) and the enthalpy h l = h(T, x, p l ). Applying fluctuation formulae in the NpT ensemble allows the derivatives of the density and enthalpy with respect to the pressure at constant temperature and constant composition to be obtained from that simulation. The derivative of the density is calculated from [21] 
where V denotes the instantaneous volume, N the total number of particles, k the Boltzmann constant, β T the isothermal compressibility, and the brackets < > indicate averaging in the NpT ensemble. The derivative of the enthalpy is calculated from [21] 
where H denotes the instantaneous enthalpy.
For the present method it is essential to additionally calculate the chemical potentials µ i and the partial molar volumes v i of all components from this liquid phase simulation.
This can be done, e.g., by Widom's test particle insertion [22] , according to which
where ψ i denotes the potential energy of a test particle of species i and µ id i (T ) the part of the ideal chemical potential which only depends on the temperature. It is convenient to define the residual chemical potential of component i as
Widom's test particle insertion also yields the partial molar volumes [23] 
It is important to note that the Grand Equilibrium method is not tied to Widom's test particle insertion, which is known to yield high statistical uncertainties in very dense and/or strongly interacting fluids. In such cases, other more sophisticated methods to determine the chemical potentials, such as gradual insertion in extended ensembles [24, 25, 26] , can be applied alternatively.
The complete set of thermodynamic quantities that have to be calculated from one NpT
With these quantities, the desired chemical potentials, as functions of the pressure, are obtained from first order Taylor series expansions [11] 
with
It should be mentioned that in typical applications, the accuracy of equation (6) Having determined the µ i (p) from the Taylor series expansions, according to equation (6) by one NpT simulation in the liquid mixture, one vapour simulation in a pseudo grand canonical ensemble (pseudo-µVT) has to be carried out. In a common grand canonical ensemble (µVT) simulation [27, 28, 29] , the temperature, the volume, and the chemical , the acceptance probability P acc for particle insertion of species i writes as
where N i denotes the number of particles of species i and U(N + 1) the configurational energy of the system with N + 1 particles. The acceptance probability for particle deletion of species i writes as
Starting from an arbitrarily chosen low density state point, the vapour simulation is forced by this procedure to change its state to the corresponding phase equilibrium state point on the dew line. The vapour pressure p σ and the vapour composition on the dew line y = y A , y B , y C , ... are then simple ensemble averages in the vapour simulation in the pseudo-µVT ensemble. The same holds for other properties on the dew line, such as dew density and dew enthalpy.
Experience shows that the pseudo-µVT simulation moves rapidly into the vicinity of the phase equilibrium state point. This process happens in the equilibration period. During the production period the pressure just fluctuates around its constant average. These inherent fluctuations in the pressure impose fluctuations on the set chemical potentials through equation (6) . Such an interdependence characterizes pseudo statistical ensembles. Figure 1 gives an impression of a typical equilibration process obtained using the procedure described above for a binary Lennard-Jones mixture. After an initial equilibration of 1 000
Monte Carlo loops in the canonical ensemble (NVT), a second equilibration in the pseudo-µVT ensemble is started. It can be observed that the instantaneous values of pressure, density, and vapour composition reach the vicinity of equilibrium after only 1 000 Monte Carlo loops. Due to the experience with various mixtures including nonspherical and polar fluids [31] , it can be stated that this process is very robust and independent on the initial density and composition in the vapour simulation.
With the knowledge of the vapour pressure, other thermodynamic properties of interest on the bubble line can be calculated easily, e.g., the bubble density
the bubble enthalpy
and the chemical potentials in phase equilibrium
The present method can be applied for the calculation of dew points as well. Therefore the phases simply have to be inverted, i.e. one NpT simulation in the vapour phase and one pseudo-µV T simulation in the liquid phase have to be performed. In this case it faces the awkward insertion and deletion of real particles in the liquid phase, but still has the advantage of independent simulations runs.
Furthermore, the Grand Equilibrium method can be applied to the more challenging liquid-liquid equilibria as well. First results [30] confirm the applicability and demonstrate high accuracy.
Applications
In order to test the Grand Equilibrium method, it has been applied to the pure LennardJones fluid, a binary, and a ternary Lennard-Jones model mixture. The Lennard-Jones intermolecular potential acting between two particles of species i and j is defined by
where r is the intermolecular distance and σ ij and ε ij are the specific size and energy parameters. In the case of a Lennard-Jones mixture, the full set of size and energy parameters for all interactions has to be specified. Unlike interaction parameters are often expressed on the basis of the like interaction parameters by
and
where ξ ij is a binary interaction parameter.
Pure Lennard-Jones fluid
The pure Lennard-Jones fluid, being a very simple but realistic molecular model, has been studied extensively by many authors. Its vapour-liquid equilibria are known with high accuracy [32, 33, 34] , so that it is a favourable test fluid here.
In a pure fluid the size and energy parameters are constant for all interactions, so that σ ij = σ and ε ij = ε. All thermodynamic quantities are reduced in the usual way: temper- [32] , which were obtained using the NpT plus test particle method [10] . The statistical uncertainties of the present vapour-liquid equilibrium results on the dew line were determined by block averaging [35] of the vapour simulations. In this way, the influence of the uncertainties of the chemical potentials and the partial molar volumes from the liquid simulation is neglected. It should be emphasized that this leads to an underestimation. For a repeatability study, see section 3.2. The statistical uncertainties of the vapour-liquid equilibrium results on the bubble line were determined by block averaging [35] of the liquid simulation and the utilisation of the error propagation law.
It can be seen from table 2 that all data points for vapour pressure, bubble density, and dew density from the present work and those obtained by Lotfi et al. [32] agree within their very small statistical uncertainties. The uncertainties of the Grand Equilibrium method are lower throughout than those of the NpT plus test particle method. In our opinion, this is due to the above mentioned neglecting of the uncertainties of the chemical potentials and the partial molar volumes from the liquid simulation, since this is an important source of error and the quality of the results of both methods should be similar.
Binary Lennard-Jones mixture
The Grand Equilibrium method was also tested on a binary Lennard-Jones model mixture, of which the vapour-liquid equilibrium is well known. The parameters of the investigated symmetrical binary model mixture A+B are σ A = σ B , ε A = ε B , and ξ AB = 0.75, cf.
equations (13) Binary vapour-liquid equilibrium data is calculated for the two temperatures T * = 1 and T * = 1.15. Table 3 and that it corresponds very well to the vapour-liquid equilibrium of the pure fluid B at
The agreement with the GEMC results [13, 36] is excellent, as almost all vapour-liquid equilibrium points agree with the GEMC results [13, 36] within the statistical uncertainties. The agreement with the GCMC results [9] at the lower temperature is good, especially on the dew line. But at the higher temperature considerable deviations occur.
For a given pressure, the GCMC [9] compositions on both the bubble and dew line seem to be too low by 0.02-0.03.
In figure 3 a pressure-density vapour-liquid equilibrium diagram is given. Again, the present data shows very little scatter and is consistent to the results for pure fluid B, for which the saturated densities can be found as the lowest point of each isothermal branch. The agreement to the GEMC results [13, 36] is excellent, as all points are within the statistical uncertainties of the GEMC results [13, 36] . The dew densities of the GCMC method [9] agree very well with the other data, but the bubble densities of [9] especially at the higher temperature are somewhat too high. Figure 4 shows a pressure-energy density vapour-liquid equilibrium diagram, where the energy density is defined by the product of the configurational energy and the density. Due to the lack of appropriate literature data for T * = 1.15, only the isotherm T * = 1 is shown.
Once more, it is found that the energy density obtained with the Grand Equilibrium method shows very little scatter and corresponds very well to the limiting pure fluid B, which is included as the lowest point of the present data. The agreement with GEMC [13, 36] is again excellent. Consistent with the densities, the GCMC method [9] agrees well on the dew line, whereas on the bubble line, particularly for higher pressures, deviations are observed.
Ternary Lennard-Jones mixture
For a further test, the Grand Equilibrium method was applied to a ternary Lennard-Jones model mixture A+B+C, for which vapour-liquid equilibrium results from Tsang et al. [37] using the GEMC method, were available.
That ternary mixture is defined on the basis of equations (13)- (15) by σ A = σ B = σ C , ε B = 0.75ε A , ε C = 0.15ε A , and ξ AB = ξ AC = ξ BC = 1. All thermodynamic quantities are reduced in the usual way, using the parameters of the A-A interaction, σ A and ε A .
In the first step, liquid simulations for different compositions have been performed at T * = 1 and p * = 0.2. The full set of these results is given in table 6. The vapour-liquid equilibrium data is calculated by pseudo-µVT simulations in the vapour phase as described above, cf. table 7. The technical details of the simulations are given in the appendix. The lower bounds of the statistical uncertainties of the vapour-liquid equilibrium, as given in table 7, were estimated by the same procedure as described above for the pure fluid. It should be mentioned, that for each vapour-liquid equilibrium point only one simulation in the liquid phase and one simulation in the vapour phase is neccessary, regardless of the number of involved components. Figure 5 shows a ternary plot of the vapour-liquid equilibrium at T * = 1 and p * = 0.2.
The results from the present work are compared to the GEMC results of Tsang et al. [37] .
It can be seen that both data sets are in excellent agreement.
Conclusion
A new Grand Equilibrium method for the calculation of vapour-liquid equilibria is presented. It is aimed at mixtures, but can be applied to pure fluids straightforwardly. The independent variables are temperature and liquid composition which is favourable for bubble point calculations.
Two subsequent independent simulation runs have to be performed, first in the liquid, then in the vapour, where standard simulation techniques are utilized. The method requires no prior knowledge of the vapour-lquid equilibrium, is easy to use, and performs reliably.
The Grand Equilibrium method has been applied successfully to the pure Lennard-Jones fluid, a binary, and a ternary mixture. Comparisons to results from other methods show that it yields reliable results with very little scatter. Table 1 Thermodynamic properties in the liquid phase of the pure Lennard-Jones fluid taken from Lotfi et al. [32] . The numbers in paranthesis denote the uncertainty in the last digit. Table 2 Comparison of vapour-liquid equilibria results of the pure Lennard-Jones fluid from the present work (Grand Equilibrium method) and from Lotfi et al. [32] (NpT plus test particle method). The numbers in paranthesis denote the uncertainty in the last digit. Table 3 Thermodynamic properties in the liquid phase of the binary Lennard-Jones mixture σ A = σ B , ε A = ε B , ξ AB = 0.75. The numbers in paranthesis denote the uncertainty in the last digit. Table 4 Vapour-liquid equilibria of the binary Lennard-Jones mixture σ A = σ B , ε A = ε B , ξ AB = 0.75. The numbers in paranthesis denote the uncertainty in the last digit. Table 5 Vapour-liquid equilibria of the binary Lennard-Jones mixture σ A = σ B , ε A = ε B , ξ AB = 0.75 for the state point T * = 1.15 and x A = 0.05 from independent simulation runs. The numbers in paranthesis denote the uncertainty in the last digit. 
at the temperature T * = 1 and the pressure p l * =0.2. The numbers in paranthesis denote the uncertainty in the last digit. Table 7 Vapour-liquid equilibria of the ternary Lennard-Jones mixture σ A = σ B = σ C , ε B = 0.75ε A , ε C = 0.15ε A , ξ AB = ξ AC = ξ BC = 1 at the temperature T * = 1. The numbers in paranthesis denote the uncertainty in the last digit. 
